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Introduction
Arctic snow cover plays an important role in the climate system, due to the high albedo of snowcovered surfaces that reflect solar radiation back to space. The Arctic also contains large areas of forest that act to reduce overall surface albedo, even if snow is held in the canopy (Kuusinen et al., 2012) . Under global warming scenarios, the combined effects of earlier snowmelt and expanding boreal forest cover could provide a positive feedback on warming; this is often termed the 'snowalbedo feedback' and has been shown to amplify warming for high northern latitudes in climate model experiments (Brovkin et al., 2009 ).
However, the interactions between snow and vegetation are very complex, and provide challenges for models of snow melt (Rutter et al., 2009) . Trees intercept falling snow that can subsequently sublimate from the canopy top, and decrease the solar shortwave radiation reaching snow, while enhancing the thermal longwave radiation to snow from their warmed trunks and branches (Essery et al., 2007 , Essery et al., 2008 , Lawler and Link, 2011 , Mahat and Tarboton, 2012 and Pomeroy et al., 2009 . Conversely, snow cover could play an important role in future forest expansion; analysis of satellite products shows that snowy backgrounds enhance the absorption of photosynthetically active radiation near forest gaps, by reflecting radiation back up to the canopy (Pinty et al., 2011) .
It is therefore important to improve quantification of the combined effects that snow and vegetation have on surface radiation and energy balance, on both local and regional scales. Such work requires detail on forest structure and canopy transmission. Hemispherical photographs ('hemiphotos') taken from the snow surface have been shown to provide excellent detail that can be used to estimate bulk canopy parameters such as leaf area index, or to track sun position for accurate calculations of the direct solar beam radiation component (Musselman et al., 2012a and Musselman et al., 2012b) . combined this approach with sub-canopy radiation measurements to compare models of radiative transfer for boreal birch and conifer forests.
Considerably more detail can be obtained using high-resolution terrestrial laser scanners (TLS), which emit laser pulses and receive reflections from surrounding objects thousands of times per second, across a wide spherical field of view from the scanner position. Merging data from multiple scans of a canopy can produce a three dimensional cloud of points on the surfaces of canopy elements, in Cartesian co-ordinates with mm or sub-mm positional accuracy. Although TLS is expensive and time-consuming, it can be used to completely reconstruct trees in a virtual environment (Cote et al., 2009 ). Other recent efforts include using TLS to produce artificial hemiphotos that compare favourably to real hemiphotos (Seidel et al., 2012) and avoid some issues associated with optical camera methods such as lens vignetting or an insufficient contrast between canopy elements and the sky.
For the wider spatial characterisation of forests, airborne laser scanning (ALS), or lidar, has become widely used. For boreal forests, recent studies with ALS have aimed to quantify biomass ,Naesset et al., 2013 and Nyström et al., 2012 or identify treelines (Rees, 2007 and Thieme et al., 2011) . ALS with high resolution (several returns per m 2 ) can be used to extract detailed canopy structure information that compares favourably to hemiphotos and can be extrapolated across large areas for the simulation of processes such as radiative transfer or precipitation interception (Varhola et al., 2012 and Musselman et al., 2013) . However, there are clear benefits in trying to retrieve canopy properties from relatively low resolution (∼1 return per m 2 ) ALS data, because boreal canopy datasets of similar resolution are becoming available on national scales in e.g. Finland , Sweden (Bohlin et al., 2012) , Switzerland (Swiss Federal Office of Topography, 2013) and the USA (Stoker et al., 2008) . This paper presents canopy structure data collected during the spring snowmelt season in a leafless boreal birch forest. Correlations between the data, which include hemiphotos, manual surveys, TLS and ALS, are examined in order to estimate bulk canopy sky view on a 4 m grid, over several square kilometres.
Study site
The area near Abisko in .82° E) contains wide areas of patchy, heterogeneous deciduous forest, mainly of mountain birch (Betula pubescens ssp. czerepanovii) that remain leafless for over six months of the year. Abisko is one of the world's most widely-studied Arctic landscapes and has experienced warming of 2.5 °C from 1913 to 2006, with mean annual temperatures often exceeding 0 °C and impacts that include changes to the tree-line ( Callaghan et al., 2010) . The focus of this study is a heterogeneous area of mountain birch forest to the south of Abisko village .
Data acquisition

Airborne lidar
The ALS data used in this paper were collected between 08:50 and 10:10 on 17 July 2005 using an Optech ALTM3033 scanning lidar belonging to the University of Cambridge Unit for Landscape Modelling (ULM). The instrument was mounted onboard the NERC ARSF Dornier 228 aircraft, which performed nine passes over the region at an average flying height of 2325 m above sea level (m.a.s.l.). Pulses of near-infrared laser radiation were transmitted at 33 kHz, with side-to-side scanning at 22.5 Hz and a swath of 39.6° corresponding to approximately 1250 m sampling width. Data were returned as pairs of first and last pulse returns at an average density of 0.72 paired returns per m 
Hemispherical photography
Five 20 m × 20 m forest plots of various densities, named C, R1, R2, R3 and R4, were established in March 2011 close to 68.32° N, 18.83° E, towards the centre north of the 5 km × 3 km ALS-sampled square (Fig. 1) . To characterize the canopy, upward-looking hemiphotos were taken using a Nikon Coolpix 4300 digital camera with a Nikon FC-E8 fisheye converter lens, positioned on a small tripod approximately 30 cm above the top of the snowpack. Ten photographs were taken in each plot in the configurations shown in Fig. 2(a) . In March 2012, further hemiphotos were taken to sample the canopy in the wider area up to and including the treeline. Thirty-three sites were sampled by taking five photographs at each site, starting with a central point before sampling points 6 m away in all four cardinal directions ( Fig.  2(b) ). Hemiphotos were processed via manual thresholding to produce binary representations separating canopy and sky. As demonstrated in and , automatic thresholding methods such as that of Nobis and Hunziker (2005) were not possible for hemiphotos of the sparse, leafless Abisko canopies due to the lack of high-contrast edges between the lightcoloured birch elements, snowy horizons and sky, and a lack of perfectly overcast conditions that were not accompanied by snowfall. Instead, careful manual thresholding, manual shading of the snowy horizon, and the branch joining algorithm described in were applied using bespoke software. Fig. 2(c) shows an example. Values of gap fraction, vθ, were calculated as the ratio of sky pixels to total pixels in concentric bands of elevation angle (θ ) in the hemisphere. Values of hemisphere-averaged sky view fraction vs were calculated from vθ as in Essery et al. (2008) .
Terrestrial laser scanning
During the March 2011 field campaign, a Leica ScanStation C10 terrestrial laser scanner (TLS) was used to provide detailed 3D representations of the birch canopy in the five forest plots. In each plot, the scanner was positioned on a tripod at scan positions chosen subjectively to sample the canopy as thoroughly as possible; between 5 and 7 scans were performed in each plot depending on the canopy density. Every scan was performed on the medium resolution setting, which provided 0.0573° sampling, corresponding to a beam spacing of 1 cm at 10 m distance from the scanner. Ten target spheres of known diameters (four 6-in. and six 4.5-in.) were placed in fixed positions on stakes in the snow for all the scans in a plot. Separate fine-resolution scans were made of as many target spheres as were practically visible from each scanner position; this required some manual bending of branches and shrubs out of the way. Leica Cyclone software (Leica, 2013 ) was used to stitch data from different scans together based on the target sphere positions, producing a single point cloud for each forest plot with sub-cm positional errors. To transform the scan coordinates to UTM, plot corner posts -which had been geo-located using a Trimble R8 differential global positioning system (dGPS) -were identified in the point cloud, and Powell's method (Press et al., 1992) was used to minimise the RMSE of a transform between the coordinate systems.
Manual tree measurements
To quantify the forest canopy further, a manual survey of the five 20 m × 20 m forest plots was undertaken between 30 June and 7 July 2011 (this work was easier to perform in snow-free summer conditions, and woody biomass does not change significantly between March and June). The number of trees was counted and, given the extremely polycormic character of many of the trees, the number of individual trunks arising from each rootstock, and thus forming one tree, was also recorded. It should be noted that some trunks just outside the plot boundaries were also measured because their canopies extended into the plots. The girth at breast height G (cm), at 1.3 m above the ground, of each individual trunk was measured using a dressmaker's tape; to qualify as a trunk a stem had to arise from the rootstock (i.e. it was not a branch of another trunk) and either reach a height ≥ 3 m or have G ≥ 5 cm. The effective basal area (cm 2 ) of each trunk was calculated as G 2 /4π; the basal area of the tree was then the sum of the basal areas of its trunks, and the total basal area for the plot was the sum of the basal areas of the trees. Each tree was labelled when measured so as to ensure no trees were missed or measured more than once, and the location of each was recorded using the dGPS. The presence of the canopy as well as the complex topography necessitated accepting some degradation of the potential precision of the dGPS system in order to obtain positions for the trees; a horizontal precision of ±20 cm was nonetheless achieved in all cases, and for most trees the precision achieved was ±10 cm or better. The position recorded was as close to the trunk as possible in the case of single trunked trees, and as near to the centre of the rootstock as possible in the case of polycormic individuals.
Result and analysis
Airborne vs. terrestrial canopy height
The average density of ALS returns was 0.76 first-and-last-return pairs m −2 , and this value was fairly consistent at all the ground sample sites despite some minor spatial heterogeneity over the wider area caused by overlapping flight paths. The lidar system had a beam divergence setting of 0.5 mrad, which corresponds to ground spot radii of 38-47 cm for the range of flying heights above the ground.
On comparing these spot radii to the return density, and considering the likelihood that the first returns did not always reflect from the highest canopy elements, the lidar clearly did not sample the entire canopy; some binning of returns into larger footprints is required to obtain the best estimates of canopy height. This approach is supported by pioneering lidar studies including Zimble et al. (2003) , Drake et al. (2002) and Lefsky et al. (1999) who showed that lidar coverage needs to be large enough to ensure that some returns are received from the ground and some from tree tops, while remaining small enough to be sensitive to the contribution of individual crowns. Those authors used 5-30 m footprints for their study areas which included large temperate trees; at Abisko we argue that 4 m × 4 m pixels are suitable to allow for the sparsity of the canopy and discrete returns of the lidar points.
Returns were binned into the relevant 4 m squares, giving an average of 12.15 returns per pixel.
Canopy height hALS for each pixel was calculated as the maximum of all first-return heights minus the minimum of all final-return (ground) heights in the square, as described in Hofton et al. (2000) . As argued in Hancock et al. (2011) , such low resolution ALS will almost certainly underestimate canopy height by missing the tallest parts of trees, and overestimate ground height due to understory; for these reasons a comparison to TLS ground data was performed. Under some conditions it could be argued that this approach may slightly underestimate ground height due to sloping of terrain within the pixel, but the effects of this should be minimal given the fact that the majority of ground sites were quite flat. Furthermore, Hancock et al. (2012) describe how understory elements, or any other low lying objects such as twisting tree trunks, can lead to overestimates of ground heights.
The TLS data (processed into x, y, z format representing UTM easting, northing, and m above sea level) were binned into 1 m × 1 m horizontal pixels, and the lowest return in each pixel was identified.
Returns were then binned into 10 cm vertical bins of 'height above lowest return' for each pixel. Fig.   3 shows the average return profile for each forest plot. In all five plots, the ground returns show a spike at 30-40 cm, which is likely the snow surface; returns from lower heights are likely from paths bashed through the snow by researchers. For this reason, canopy height above snow was defined for every square metre as the difference between the height of the highest return and the height of the bin containing the greatest number of returns (Hofton et al., 2000 and Rosette et al., 2008 . If this value was found to be less than 0.5 m it was assumed that these returns could be caused by variation in snow height, and the pixel canopy-above-snow height was set to zero, implying a vegetation-free pixel. To correct the TLS canopy heights to height-above-ground rather than height-above-snow required snow depth measurements, which were made on a 2 m grid providing 121 measurements per plot.
These measurements were not made on days of scanning, but at most 7 days before scanning in each plot; the average 7-day range (maximum minus minimum) across daily snow depths recorded by observers at Abisko Scientific Research Station over the study period was only 7.4 cm, suggesting that errors due to snowfall or compaction at the forest plots will be small. Given the positional errors in comparing snow depth measurements made using manual compass and measuring-tapes to geolocated TLS data, uncertainty in snow depth due to unseen underlying topography, and the unknown wind redistribution of snow over time, it was not deemed worthwhile applying individual snow depth corrections to every pixel. Instead the mean snow depths for each plot were added on to all non-zero TLS canopy heights. The mean and standard deviation of canopy height calculated in this way for each forest plot are shown in Table 1 . To compare the summer ALS to the winter TLS canopy heights, any airborne canopy heights below 1.3 m were set to zero to match the processing performed on the TLS data (0.5 m variation threshold plus 0.80 m snow depth -the mean across all plots). For every 4 m airborne pixel, the following protocol was followed:
1 Find all 1 m 2 TLS pixels within the airborne pixel.
2 If there are fewer than ten such TLS pixels, ignore this airborne pixel.
3
Remove any poorly sampled TLS pixels, defined as those containing fewer than 1000 laser returns.
4
If there are still more than five TLS pixels left after step 3, select the mean TLS canopy height from these remaining TLS pixels.
This process of sampling the TLS led to paired airborne-TLS datapoints. Fig. 4(a) and Table 2 show that there was considerable scatter in the relationship between the airborne and TLS methods, including several points on the x or y axes where one of the methods gave a zero canopy height while the other showed canopy to be present. To investigate whether this was an artefact of spatial offsetting between the two methods, the ALS coordinates were adjusted in steps of 1 m from −10 to +10 m easting and northing. Fig. 5 shows the distribution of the correlation coefficient r on applying these offsets to the five forest plots individually, and all together. For every plot except R3, the optimum easting and northing offsets were similar, and are reflected in the optimum offsets of −5 m northing and −5 m easting when all plots were adjusted together giving a correlation of r = 0.30. R3 shows lower sensitivity to the spatial offsets, as might be expected given that it showed the lowest percentage standard deviation in canopy height (Table 1) and was observed to be subjectively the most dense plot sampled with the most consistent tall, thin trees. As shown in Fig. 4(b) and Table 2 , applying the optimum offsets resulted in less scatter of the datapoints as well as fewer airborne 'misses' (points where the airborne canopy height was 0 m but TLS canopy height was non-zero) and no ground misses. It is impossible to correct for the airborne misses -which account for 9% of the sampled 4 m × 4 m pixels -in any areas other than the five 20 m × 20 m forest plots. The more general underestimation of canopy height by the airborne data relative to TLS is expected given the far lower number of airborne sampling points, which will generally miss the highest canopy elements. Table 2 . Ground misses 5 0 For the remainder of this paper, the offsets of −5 m in both easting and northing are applied to the ALS coordinates, and the airborne canopy height data are adjusted to 'true' canopy height represented by the TLS by inverting the calibrated linear regression formula in Table 2 .
Tree basal area vs. canopy height
The main results from the manual tree survey are shown in Table 3 . The polycormic nature of most of the trees is apparent, especially in plot C which had on average 5.53 trunks per tree. Plot R3 had the greatest total basal area, although R4 had the greatest mean basal area per tree and thickest trunks on average. Fig. 6 shows the two datasets together and verifies that the trunks correspond well with the tallest areas of canopy. Table 4 shows that there were weak positive correlations between manual tree basal area and TLS canopy height in the trunk-containing pixels, for all five forest plots. Original plot boundaries were set out manually using compass and measuring tape; rotation and skewness are due to magnetic declination and topography. Note some trunks outside the plots were measured because their canopies extended into the plots. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of the article.) These data provide an opportunity for comparison to the findings of Dahlberg et al. (2004) , who sampled 46 mountain birch trees in the Abisko area to obtain dry weights of leaves, stems and branches for individual trees; they obtained strong relationships between these weights and tree parameters such as total basal area at breast height, TBA, and tree height, H. For winter studies, the dry weight of wood, DWW, equivalent to stems plus branches, is most relevant. Dahlberg et al. (2004) obtained the following relationship between DWW and TBA: equation (1) where DWW is in kg and TBA is in cm 2 . On including H in the model, they obtained:
where H is in m. Combining Eqs. (1) and (2) produces the following relationship between TBA and H:
equation (3) T B A 0 . 1 0 5 4 H 3 . 5 2 4 8 Fig 7(a) shows the model curve of Eq. (3) plotted with data for every pixel containing trunks in Fig. 6 , withTBA expressed as the fraction of trunk coverage within each 1 m 2 pixel. There is considerable scatter, and many outliers where it is likely there were several trunks in each pixel, or the highest points of the trees were not directly above the stem location; indeed this pixel-based approach is strictly not directly comparable to the Dahlberg model which was based on measurements of individual trees. However, the orders of magnitude of the data and the model are similar, likely because there was usually no more than 1 tree per square metre. More detailed analysis of TLS data (Cote et al., 2009 ) would allow a better comparison to manual data and more accurate estimates of other biophysical parameters of trees. For wider-scale classification of forest density, it is useful to compare ALS canopy height to the total basal area in forest plots. Fig. 7(b) shows the overall basal area for the five forest plots against average canopy height extracted from all ALS pixels within the plots. Because this takes into account areas of no trees, the basal area fractions are much lower than in Fig. 7(a) , but the five datapoints fit a similar exponential trend.
Tree basal area vs. hemiphotos
The 2011 hemiphotos and manual tree measurements provide an opportunity to investigate how the hemispherical sky view from a site is related to the surrounding biomass. To do this, the TBA around a hemiphoto site (expressed as a fraction of ground area) was sampled by summing the TBA of all trunks within a certain radius of hemiphoto positions (Fig. 8(a) ). Only the central four hemiphotos from each 2011 study plot (20 hemiphotos in all) were used because their positions allowed larger search radii (up to 6 m) to be tested while remaining within the 20 m × 20 m plot where TBA was measured (see Fig. 2(a) ). Fig. 8(b) shows that the correlation between vs and TBA becomes stronger (more negative) with increasing search radii, with a minimum at 5 m. Fig. 8(c) shows the strong linear relationship (r = −0.91) between vs and TBAfor the 5 m search. These findings imply that sky view, which is crucial for radiative transfer, is affected by trees up to at least 5 m distance for this study area (this is likely to be different elsewhere depending on tree height). The flattening of the curve in Fig. 8(b) suggests that the effects of further away trees -which will be increasingly confined to the low horizon -is small. 
Hemiphotos vs. canopy height
For each of the 38 hemiphoto sites (5 from 2011 and 33 from 2012), the average values of vs were calculated. For the same 38 sites, the ALS data were interrogated to extract the mean value of all canopy height datapoints within a chosen radius of the central hemiphoto site (co-ordinates 0, 0 in Fig. 2) , following a method similar to Riaño et al. (2004) . The effects of the chosen radius on the correlation of vs with the extracted ALS canopy height are shown in Fig. 9(a) . All the tested sample radii (3-30 m) produced significant correlations (p < 0.01). The best correlation was seen with a sample radius of 14 m, and this radius was used to extract values of average canopy height h for all the following calculations. The inset scale drawings illustrate the best-correlating 14 m circle used to sample the plot-scale canopy height, and how it looks relative to the hemiphoto positions inFig. 2 and (b) average sampled canopy height for the different sample radii, for the 38 hemiphoto sites and for 700 sites on a 2.5 km × 2.8 km grid with 100 m spacing (sampled canopy heights lower than 2 or greater than 15 m were not included).
As Fig. 9(b) shows, the average sampled canopy height across all 38 hemiphoto sites decreased with increasing sample radius. This is likely due to the heterogeneous nature of the forest cover; most sites were located within forest patches, and using wider radii sampled more pixels outside or nearer the edges of the forest patches where canopy height is lower, or zero. To assess whether this was representative of the wider area, 700 other points were sampled on a 2.5 km × 2.8 km grid with 100 m spacing extending to the furthest north, south, east and west extents of the hemiphoto sites (treeless sites were omitted by removing any points with canopy lower than 2 m). The average of these points showed a similar decreasing trend with increasing ALS sample radius, but the canopy height was generally lower by around 1 m; this difference is likely due to a bias for selecting hemiphoto sites closer to the centres of forest patches where trees were taller.
The correlations between ALS canopy height and vs in Fig. 9 (a) prompt the development of simple models in order to predict the latter from the former over wider areas. Fig. 10 illustrates a simple approach in which the canopy is modelled as a homogeneous block of uniform thickness; the view at elevation angle θ has gap fraction vθ determined by: from including tree-free pixels in the average. Such areas will likely have much higher overall gap fraction than the homogeneous approach of Fig. 10 would provide. To address this issue we propose that μ can be expressed as a function of two parameters:
equation (5) such that μ increases linearly with canopy height up to a threshold height h T, after which μ takes a constant value, μ T. To test this concept, the following two models are examined:
• Model 1 -Eq. (4) taking μ as constant.
•Model 2 -Eq. (4) taking μ defined by Eq. (5).
where the names reflect the number of adjustable parameters in each model. Both models were fitted to the hemiphoto-derived vθ for bands of 10° thickness. For Model 1, the optimal value of μ was 0.025 m −1 , while for Model 2 the optimal parameter values were μ T = 0.029 m −1 and h T = 6.8 m.
Scatterplots of the 10° vθ and overall vs are shown in Fig. 11 . Model 1 provides a decent fit to the hemiphoto gap fractions, but the vs values follow a shallower slope than the 1:1 line; in particular vs is somewhat underestimated for high gap fractions (low canopy) due to the arguments made above. By accounting for the sparse-canopy effects, Model 2 improves the fit as reflected in lower root mean square error RMSE from 0.056 to 0.049, and increased correlation coefficient from r = 0.81 to r = 0.83. 12 shows the ALS canopy height for a 5 km × 3 km surveyed area, and the corresponding map of vscalculated using Model 2. It is noted that this model does not take into account the effects of underlying topography; such effects were minimal for the hemiphoto sites which were all on quite flat terrain (maximum slope from the DEM of 8°), and as can be seen in Fig. 11 the models did not generally overestimate gap fraction at low elevation angles. In the context of wider distributed models, topography could be accounted for using larger-scale DEMs that would take into account mountains on the horizon to reduce incoming radiation before the application of the vs map developed here. It should also be noted that towards and beyond the north-westernmost corner of the area in Fig. 12 some scattered coniferous trees (Pinus sylvestris) are present; the models developed here will likely not be appropriate for canopies of which these are a component. Fig. 12 . ALS canopy height (top) and vs calculated using Model 2 (bottom) for the study area.
Discussion and conclusions
Extensive sets of ground measurements of leafless birch forest canopy have been compared to one another and to an ALS dataset for an area near Abisko, Sweden. Accurate canopy height derived from terrestrial laser scanning was shown to be useful for calibrating a map of ALS-derived canopy height. These canopy heights also exhibited strong spatial correlations with manually measured tree basal area, similar to those observed in previous large biometric surveys (Dahlberg et al., 2004) . Basal area measurements showed strong correlations with hemiphoto-derived sky view fraction, and indicated that the sky view from a point on the snow surface was mainly influenced by trees within an immediate 5 m radius.
A simple slab-canopy model was developed to predict hemispherical sky view from ALS-derived canopy height. After some modifications to account for areas of sparse forest cover, the model was shown to match ground data accurately (RMSE < 5%), and used to produce 4 m raster grids of canopy sky view. If similar relationships could be obtained for other species, future efforts could combine such models with maps of land cover type for wide-scale quantification of radiative transfer to snow . The observed relationships between canopy height, hemispherical sky view and tree basal area imply that ALS could also be employed to estimate winter biomass across the region. The general approach of sampling lidar-derived canopy heights around hemiphoto samples sites, with the lidar sampling radius adjusted to provide the best correlation, has been successfully applied in several studies on leafed forests, including Riaño et al. (2004) , Morsdorf et al. (2006) and Richardson et al. (2009) . The present study is, to the best of our knowledge, the first to show that a similar approach can be can be used to estimate the structural properties of a leafless winter canopy over wide scales. Although such work is based on empirical relationships rather than detailed canopy structural models, the correlations are strong. The methods could provide a means of using low-resolution ALS data, similar to those becoming available for entire countries such as Finland, to upscale the results of ground surveys and smaller-scale high-resolution lidar surveys that provide greater canopy structural detail (Varhola et al., 2012 and Musselman et al., 2013) . Finally, this work shows that ALS data derived in summer can be used to extract bulk properties of the leafless winter canopy. Indeed, the summer foliage likely made the canopy height data more accurate; winter surveys of such sparse, twiggy trees would require far denser ALS sampling.
